The tropical forests of Belize are a dynamic environment influenced by much disturbance 3 throughout their natural history. In recent times, logging and agriculture have once more 4 become the dominant drivers of land use change, yet the Belizean forests remain some of the 5 most complete swathes of forest in the region. However, it is largely unknown how the 6 abundance of specific forest types has changed. This study aims to critically assess whether 7 valuable habitat types have been disproportionately affected by deforestation between 1986 and 8 2018. ENVI Classic 5.5 was used to calculate the NDVI values of Landsat imagery, with values 9 over 0.6 deemed to indicate primary forest. ArcMap 10.6 was used for detecting change in 10 forest cover between 1986 and 2018, in addition to digitising colonial maps. Results show 11 variation in the percentage of forest lost between habitat types, with a bias towards forests 12 fragmented by or replaced by agriculture, particularly in the north and along the Guatemalan 13 border. The protected area network was found overall to have little influence on deforestation, 14 though this varies between reserves. Of the three forest types experiencing the highest 15 percentage of forest loss, only Ensino-Pixoy occurs exclusively outside protected areas. Cohune 16 Santa-Maria and Sapote-Mahogany are found at least partially within protected areas and 17 experience loss within them. Analysis of IUCN ratings of forest species revealed data 18 deficiency, particularly concerning taxa indigenous to Mesoamerica, against which this study 19 recommends further vegetation studies. to allow recommendations for protection of particularly 20 threatened forest types. A review of management strategies in protected areas, especially the 21 Caracol Archaeological Reserve, is necessary to avert the worrying deforestation trends this 22 study has identified. The country-wide deforestation data can be used to advise future forest 23 policy as well as calculation of national carbon stocks or determining integrity of ecosystem 24 services.
Introduction
Tropical forests are intrinsic to many global ecosystem services (Wunder 2005; Young, 2008) .
Methods
Image pre-processing in ENVI consisted of refining, for each image, the cloud and water masks 125 applied by USGS. All analysis was conducted at a spatial resolution of 30m, which can detect occurred since 1986 is not included in the feature class of current forest cover, as it is neither 150 mature or natural, and therefore does not meet this study's definition of 'forest'. 152 To determine deforestation levels between 1986 and 2018 within each vegetation type, the 153 countrywide forest/non-forest polygons were clipped to create feature classes comprising 154 polygons representing each 1958 habitat fragment. The sum of these areas resulted in a value 155 for the number of hectares of each forest type in 1986 and 2018. The difference between these 156 two provides a clear record of decline and fragmentation of Belize forest stocks.
Image analysis (change detection)

157
Results
158
Between 1986 and 2018, Belize's forest stocks declined by 28.4%, with 235,432 ha 159 experiencing deforestation and representing a land cover change of 4% across the country. 160 Some habitat types were disproportionately affected, with Sapote-Mahogany suffering the 161 greatest absolute decline and Ensino-Pixo experiencing the highest percentage loss. Protected 162 areas were found to experience similar levels of deforestation to those without designations.
163
35% of forest loss occurred in this protected 38% of land area. Chiquebul-Cherry, found almost 164 exclusively within protected areas, remains the most abundant forest type across all timeframes. The first method of visualisation is useful as an overview of vegetation distributions but does 177 not account for areas of secondary growth that have occurred since the first study date. Chiquebul-Cherry, Botan-Chechem and Sapote-Silion remain the most abundant types (Table   201 2). Chiquebul-Cherry lost only 17% of its area, while Botan-Chechem lost almost 40%. 
204
To determine whether the initial size of the forest is a significant factor in determining forest 205 loss, Spearman's Rank tests found that initial forest size has a strong correlation with absolute 206 forest loss (rs = .858, p = .001), but is not significantly correlated with the percentage of initial 207 forest loss. The correlation between percentage loss and absolute loss in hectares is only 208 moderately significant (rs = .347, p = .002). Comparing deforestation between habitat types is 209 therefore most appropriate using percentage loss over absolute.
211
Chiquebul-Cherry forest (Type 2d), remains the most abundant across all timeframes studied.
212
This low level of absolute forest loss is echoed in the percentage loss of only 17%. It occurs 213 mainly in the Chiquebul Forest Reserve. Protected areas cover 36% of mainland Belize (Young, 214 2008). Of the deforestation that occurred during the study period, 833,61 ha was lost from these 215 areas, representing 35% of all forest loss ( Figure 6 ). This shows that the rate of deforestation in 216 these protected areas is only slightly below the national average. the map. For these reasons, it is apparent that the estimate of forest cover provided by the 1959 247 maps is an overestimation, and that the baseline it provides is not entirely reliable. In addition 248 to this, the study area from 1986-2018 was limited by masking pixels affected by cloud cover 249 and ETM+ striping. The total area sampled from the Landsat data was 1,371,662 ha, 65% of there?' (Kalacska, 2008) . Although this register of forest species is not exhaustive, the information that exists is likely to be accurate, as Wright et al. used a method (Holdridge, 1950) 257 of vegetation classification which they were confident of being suitable for both their level of 258 skill and the time they had available for the study .
259
To answer the first of Kalacska's questions (2008), "What is the initial extent of the forest?", Sapote-Mahogany habitat (Type 1) inside and outside of protected areas (Figure 7) , is therefore 311 likely to be a combination of remaining high-value timber removal and rapidly expanding 312 agriculture driven by population increase (Emch, 2008; Patterson, 2016) . Pinol soil type characterising this area is somewhat infertile and vulnerable to nutrient leaching 323 and erosion, particularly on slopes of over 25% (King et al., 1992) . This compounds the other 324 threats to the area which include frequent forest fires, hurricane damage, and citrus farming, 325 especially when ease of access is considered (Patterson, 2016; Voight, 2019) .
326
In 1992 the National Resources Institute recommended that the reserve be "zoned into 327 protection and production areas", and "logging avoided in Pinol soil slopes" (King et al., 1992) .
328
The high level of deforestation witnessed between 1986 and 2018, particularly in the areas with 329 good road connectivity ( Figure 8A ), is evidence of these concerns not being heeded. The Sibun reserve lies to the east of Mountain Pine Ridge. The northernmost lowland edge was 332 heavily logged by 1992, partially aided by the creation of, and access granted by, the 333 Hummingbird Highway (King et al., 1992) . The rest of the reserve comprises of steep 334 mountainous topography not conducive to production forestry. Therefore, the high incidence 335 of forest loss detected towards the south ( Figure 8B) is likely due to something other than timber 336 extraction. Hurricane Iris of 2001 may be a cause, as the reserve lay within its path and was 337 previously severely damaged by Hurricane Hattie in 1961 (Lewis, 2001; White et al., 2002) . 338 An alternative explanation may be errors in land classification. One factor may be that as the 339 imagery was taken from the peak of the dry season to minimise cloud cover, the vegetation Hills land systems which provide clean water for most of the country (Mitchell et al., 2017) . 345 These ranges continue south into the Chiquebul Forest Reserve, where the arc of apparent 346 deforestation matches the topography of the region (Figure 9 ). 347 Figure 9 ) Elevations in Belize (Meerman, 2003) 348 While this may be attributable to seasonal changes in upland vegetation between 1986 and 349 2018, the pattern of cloud cover (Figure 3) indicates that clouds are the most likely explanation.
The extremely high rainfall that southern Belize receives annually, around 4000mm, means that 351 almost all days have at least partial cloud cover (King et al., 1986) . 352 This study masked clouds themselves from the Landsat images, yet some of their shadows 353 remained. Cloud shadow noise could not be entirely removed as the reflectance value in the red 354 waveband was the same as some vegetation types. Removing them would have introduced bias 355 against these species into the study. An alternative would have been to create a composite 356 dataset from stacked Landsat images across many dates to maximise the chance of obtaining 357 cloud-free pixels for the entire frame, as done by Meerman (2010) . The issue with that method 358 is that on different dates vegetation will be at different stages in its growth cycle, and so 359 different 'greenness' will be observed despite there being no changes to forest stocking. To be 360 accurate, change detection exercises should hold temporal, spatial, spectral, and radiometric 361 resolutions constant across all timeframes (Jensen, 1996; Turner et al., 1989) , and yet this is 362 rarely possible, especially in the tropics (Kalacska, 2008) . Whichever the chosen method, there 363 will always be a compromise between precision, specificity and timeliness when using remotely 364 sensed data (Harris and Ventura, 1995) . This study's methodology satisfies the requirement for 365 temporal constancy as all three image frames for each year were from anniversary dates. Spatial In future studies, LiDAR and Radar could be used in place of Landsat imagery as they are less 372 affected by cloud cover, but were not appropriate as the data source for s study as imagery only 373 dates back to 1991 (Emch et al., 2008) . However, Radar and LiDAR can be used in addition to 374 the deforestation data generated by this study to explain recent deforestation in specific areas.
Even in regions that are under full protection, where agriculture and forest clearance are used for the illegal agriculture including farming of maize, pumpkin and beans ( Figure 10 ), as 401 well as being an entry point for illegal loggers prospecting further into the Chiquebul National 402 Park and Forest Reserve (Ramos, 2014) . In addition to loss of flora, poaching of fauna is a 403 concern at Caracol. The reserve is home to kinkajou, Potos flavus, and black howler monkeys, 404 Alouatta pigra, whose populations are nationally at risk due to habitat fragmentation and 405 conversion to agricultural land (Estrada et al., 2006) . 
407
The Caracol ruins were discovered in 1937 by a logger prospecting for Mahogany (Chase and 408 Chase, 1987) , which was fairly abundant in this region in the 20 th Century (Wright et al., 1959) .
The archaeological site varies in tree species composition from the majority of the Chiquebul 410 area, comprising of Semi-evergreen Chiquebul-Ramon (Type 3), Ramon-Chiquebul (Type 3a) 411 and Ironwood-Chiquebul (Type 3b) habitats (Figure 8Ci ). Ramon, commonly known as 412 Breadnut, is strongly associated with Mayan sites and agriculture (Puleston, 1978) , as it was a 413 staple food source grown in Maya forest gardens (Ford, 2008) (Figure 9 ). These three habitat 414 types are among those experiencing the smallest percentage loss from 1986 to 2018 (Figure 4) . 415 In only one location does any of these Mayan forests abut the Guatemalan border; a medium-416 sized fragment of Chiquebul-Ramon. In all other instances, the patches are at least 2km from 417 the border, which is the limit of Guatemalan-driven deforestation detected in previous studies 418 (Weishampel et al., 2012) . The proximity of these forest types to tourist activity and academic 419 activity may be protecting them from the levels of deforestation experienced by surrounding Chiquebul-Cherry (Type 2d) forest, which surrounds many of these Ramon-rich fragments, 429 remains the most abundant of all vegetation types for all timeframes due to its wide distribution, (Figure 7) . 462 It is possible that Santa-Maria is not the target species when deforestation occurs in these areas.
463
Forest types 4 and 4b also once boasted a density of mahogany and cedar of approximately one 464 to the acre-the highest density of any Chiquebul type-and local pockets might have hosted up 465 to three per acre . In addition to Mahogany, Santa-Maria habitats also host 
476
New threats to the forests of Belize have altered the reasons for the designation of protected 477 areas from controlling unsustainable logging when the industry was at its peak to balancing the 478 effects of increasing human population and its demand for land and resources (Young, 2008) . 479 Yet, it appears that the emergence of these new threats has not replaced the old, only 
486
The disparity in these calculations may be due once more to differences in determining 487 secondary forest growth, or a rise in deforestation rate, particularly focussed in specific areas 488 such as Caracol or the Northern plains (Figure 7) . The other consideration is the areas of 489 deforestation measured along the mountains, which artificially inflate the figure. It is likely a 490 combination of these factors, varying between reserves with different levels of protection and 491 valuable species. Further study including ground-truthing of remote sensing data will be 492 required to determine the exact trend. This is vital as the management of protected areas in 
